White adipose tissue (WAT) secretes factors to communicate with other metabolic organs to maintain energy homeostasis. We previously reported that perturbation of adipocyte de novo lipogenesis (DNL) by deletion of fatty acid synthase (FASN) causes expansion of sympathetic neurons within white adipose tissue (WAT) and the appearance of "beige" adipocytes. Here we report evidence that white adipocyte DNL activity is also coupled to neuronal regulation and thermogenesis in brown adipose tissue (BAT). Induced deletion of FASN in all adipocytes in mature mice (iAdFASNKO) enhanced sympathetic innervation and neuronal activity as well as UCP1 expression in both WAT and BAT. In contrast, selective ablation of FASN in brown adipocytes of mice (iUCP1FASNKO) failed to modulate sympathetic innervation and the thermogenic program in BAT. Surprisingly, DNL in brown adipocytes was also dispensable in maintaining euthermia when UCP1FASNKO mice were coldexposed. These results indicate that DNL in white adipocytes influences long distance signaling to BAT, which can modify BAT sympathetic innervation and expression of genes involved in thermogenesis.
ABSTRACT
White adipose tissue (WAT) secretes factors to communicate with other metabolic organs to maintain energy homeostasis. We previously reported that perturbation of adipocyte de novo lipogenesis (DNL) by deletion of fatty acid synthase (FASN) causes expansion of sympathetic neurons within white adipose tissue (WAT) and the appearance of "beige" adipocytes. Here we report evidence that white adipocyte DNL activity is also coupled to neuronal regulation and thermogenesis in brown adipose tissue (BAT). Induced deletion of FASN in all adipocytes in mature mice (iAdFASNKO) enhanced sympathetic innervation and neuronal activity as well as UCP1 expression in both WAT and BAT. In contrast, selective ablation of FASN in brown adipocytes of mice (iUCP1FASNKO) failed to modulate sympathetic innervation and the thermogenic program in BAT. Surprisingly, DNL in brown adipocytes was also dispensable in maintaining euthermia when UCP1FASNKO mice were coldexposed. These results indicate that DNL in white adipocytes influences long distance signaling to BAT, which can modify BAT sympathetic innervation and expression of genes involved in thermogenesis.
HIGHLIGHTS
• Inhibition of DNL in white adipocytes increases iWAT and BAT sympathetic neuron activities.
• Loss of FASN in white, but not brown adipocytes, enhances sympathetic innervation and thermogenesis in iWAT and BAT independent of thermoregulation.
• Suppression of DNL in iWAT appears to trigger BAT thermogenesis through a neural link.
• Although greatly increased in activity at 6 o C, DNL in BAT is dispensable to maintain euthermia.
INTRODUCTION
Adipose tissue is profoundly expanded in obesity based on greatly increased storage of neutral lipids. This expansion is frequently associated with the onset of metabolic diseases such as type 2 diabetes 1, 2, 3, 4 . Thus, understanding the functions and effects of adipose tissue on whole body metabolism is a major goal of this field. Animal studies have provided evidence that there are at least three different types of adipocytes, each presenting clear differences in their thermogenic potential and metabolic functions 5, 6, 7, 8 . White adipocytes, for example, display a unilocular lipid droplet with relatively low thermogenic potential and account for the increased stores of fatty acids in the form of triglyceride in obesity. Hydrolysis of this triglyceride in fasting conditions provides fatty acid fuel for other tissues 9, 10 . Brown adipocytes, on the other hand, contain multilocular lipid droplets, possess high thermogenic capacity and constitutively express the mitochondrial uncoupling protein 1 (UCP1). These cells utilize fatty acids and glucose as fuel to generate heat and maintain body temperature during cold-induced adaptive thermogenesis 5, 11, 12, 13 . White adipocytes can be converted into brown-like adipocytes, known as "brite" or "beige" adipocytes, which are also multilocular cells that express UCP1 and possess high thermogenic potential 5, 14 . This browning of white adipose tissue (WAT) is driven by release of catecholamines and perhaps other factors from sympathetic neurons within WAT that occurs during cold stimulus.
Catecholamines signal through the cAMP pathway to stimulate lipolysis and upregulate UCP1, as well as other mitochondrial proteins that mediate fatty acid oxidation and the "beige" adipocyte phenotype 5, 14, 15 .
Conversely, multilocular brown adipocytes can be converted into white-like unilocular adipocytes with fewer mitochondria and lower oxidative capacity, UCP1 protein and thermogenic potential. This conversion of brown adipocytes into white-like adipocytes is known as whitening of brown adipose tissue (BAT) and occurs in situations such as at thermoneutral conditions (i.e., 30 o C) where sympathetic innervation and activation within BAT is diminished. Altogether, these observations support the concept that under different physiological conditions, adipocytes are interconvertible cells that can adjust their appearance and metabolic phenotype as needed 7, 14, 16 . They are capable of changing from unilocular to multilocular, from anabolic to catabolic, from storing calories as lipids to dissipating calories as heat. These interconversions are distinct from differentiation of progenitor cells within adipose tissues which can also give rise to white, beige or brown adipocytes in response to sympathetic activity 14, 17 .
Together, the combination of interconversion and differentiation mechanisms control the overall profile of adipocyte types within the tissue and these events are regulated by local sympathetic tone.
Recent work in our laboratory revealed that de novo fatty acid synthesis (DNL) within adipocytes may be linked to control of localized sympathetic nerve activity in adipose tissues 3 . Thus, blockade of adipocyte DNL through selective inducible deletion of fatty acid synthase (Fasn) in adipocytes of mature mice enhanced sympathetic neuron innervation and browning of iWAT, along with an improvement of systemic glucose metabolism 3 . Therefore, adipocyte DNL perturbation not only modulates the thermogenic programming of iWAT, but also whole-body metabolism. Adipocyte DNL may produce bioactive lipids that alters adipose tissue functions 18 , energy balance and systemic metabolism 3, 19, 20 . This pathway is also a rich source of metabolites such as acetyl-CoA, malonyl-CoA, palmitate and lipid products, all known to control diverse cellular processes 2, 21, 22 .
These metabolites mediate such post-translational protein modifications as protein acetylation 23 , malonylation 24 and palmitoylation, 25 
RESULTS

Inducible deletion of adipocyte FASN stimulates sympathetic activity in adipose tissue
We first sought to establish whether adipocyte iAdFASNKO actually enhanced electrical activity of sympathetic neurons with adipose tissues in addition to the expansion of sympathetic innervation previously reported 3 . In these experiments, control and iAdFASNKO mice were first treated with tamoxifen (TAM) to induce FASN deletion. Four weeks later, the mice were anesthetized and the electrical activities of sympathetic fibers in iWAT and BAT were measured as previously described 29, 30 . Consistent with our previous results 3 
De novo lipogenesis in BAT is not required to maintain euthermia
Sympathetic neuron modulation in iWAT and BAT elicited by adipocyte FASN deletion shown in Fig. 1 suggests that DNL metabolites in adipocytes might influence adipose sympathetic drive needed during cold-induced adaptive thermogenesis. Indeed, a number of studies reported that DNL gene expression is strongly upregulated in BAT in cold-challenged mice 28, 31 , and it has been suggested that the DNL pathway may also be required for providing optimal fatty acid fuels to sustain cold-induced thermogenesis in BAT and euthermia 28, 32 . To assess whether DNL in brown adipocytes is necessary for BAT thermogenesis and proper control of body temperature during cold-exposure, UCP1-Cre-FASNKO mice and FASN flox/flox littermates that do not express Cre-recombinase were subjected to an ambient temperature of 6 o C. As shown in Fig. 2 , specific deletion of FASN in BAT, but not in iWAT, from the UCP1-Cre-FASNKO mice was confirmed. Importantly, selectively deleting FASN in brown adipocytes did not affect cold-induced UCP1 expression in BAT or browning of iWAT ( Fig. 2A and 2F). Consistently, UCP1-Cre-FASNKO mice have normal body temperature and do not become hypothermic when acutely challenged with cold temperature (6 o C) ( Fig 2B) . Moreover, deletion of FASN in brown adipocytes of coldchallenged mice did not affect the body weight or BAT mass and morphology these results indicate that DNL in brown adipocytes is not necessary for normal thermogenesis in BAT and for proper control of body temperature in mice exposed to 6 o C conditions. We next conducted experiments in iAdFASNKO mice to investigate further whether inhibition of DNL in all mouse adipocyte types would affect cold-induced thermogenesis required to control body temperature. iAdFASNKO mice were acutely cold exposed using the same protocol as in Fig. 2B . Similar to the UCP1-Cre-FASNKO mice, iAdFASNKO mice have normal body temperature, body weight, BAT and iWAT mass, and do not become hypothermic when challenged with cold temperature ( Supplementary Fig. 1 ). Taken together with the results from UCP1-Cre-FASNKO mice, we conclude that DNL in all adipocytes types is dispensable for cold-induced thermogenesis required to maintain euthermia.
Adipocyte FASN KO expands adipose sympathetic neurons even at thermoneutrality
A key potential caveat in our previous report 3 
and in Fig 1 is that enhanced
adipose innervation and browning in iAdFASNKO mice at 22 o C is simply due to increased heat loss in the animal, due to decreased dermal or tail insulation 11, 12 .
We therefore investigated whether the enhanced SNS expansion and browning of adipose tissue depots could also be detected in iAdFASNKO mice housed at thermoneutrality (TN, 30 o C). After three weeks of TN housing, control and iAdFASNKO mice were treated with TAM to induce FASN deletion in adipocytes in the floxed mice. Two weeks following TAM treatment, the mice were treated with the β-3 agonist CL316,243 or PBS (1 i.p. injection daily for 6 days) to assess the effects of Adrb3 activation on the thermogenic program of BAT and WAT at TN. As shown in Fig. 3A -B, adipocyte FASN knockout at TN caused increased TH signal in immunohistochemistry (IHC) analysis and induced the appearance of multilocular adipocytes within the iWAT, mimicking the effect of β-3 agonist, although to a lesser degree ( Fig. 3D ). Importantly, at 30 o C, UCP1 expression in iWAT was abolished, an important positive control showing that thermoneutral conditions were achieved ( Fig. 3C and 3F ). Interestingly, little to no effect from CL316,243 treatment or from FASN knockout was observed on UCP1 expression at this thermoneutral condition ( Fig. 3C and 3F ). Although the combination of adipocyte FASN deletion plus CL316,243 treatment appears to be additive in enhancing multilocularity of adipocytes and UCP1 expression at TN, these effects were modest when compared to the browning detected in iAdFASNKO mice at 22 o C ( Fig. 3C-3F ). Altogether, these data indicate that loss of FASN in mouse adipocytes causes significant increases in TH expression, SNS expansion and multilocular adipocyte appearance in iWAT, even at thermoneutral temperature, and therefore is not dependent on thermoregulation for inducing these effects.
Adipocyte FASN deficiency enhances innervation and attenuates whitening of BAT at thermoneutrality
We next conducted experiments to examine whether the increased SNS expansion and appearance of multilocular adipocytes observed in iWAT from iAdFASNKO mice housed at TN conditions could also be detected in BAT. As depicted in Fig. 4A , BAT from mice kept at 30 o C for 6 weeks loses its multilocular appearance, and TH-positive neuron content was also found to be strongly reduced by TN. Consistent with the whitening of BAT that occurs under TN conditions 16, 33 , BAT UCP1 expression levels were also markedly suppressed at Interestingly, while deletion of FASN in adipocytes seems to be sufficient to partially restore sympathetic innervation in BAT and to increase the appearance of multilocular adipocytes ( Fig. 4A-B 5F ).
DISCUSSION
The major finding in the present study shows that deletion of FASN in all mature white and brown adipocytes in iAdFASNKO mice enhances local sympathetic innervation of iWAT and BAT even at TN, while FASN deletion in only brown adipocytes in UCP1-Cre-FASNKO mice has no such effect ( Fig. 3-5 ). BAT also displays increased expression of UCP1 mRNA in TAM treated iAdFASNKO mice at TN, but not in UCP1-Cre-FASNKO mice. There was a similar failure of the UCP1-Cre-FASNKO mouse to show additive effects of CL316,243 and FASNKO on UCP1 and TH expression in BAT, as is observed in the iAdFASNKO mice ( Fig. 4 and 5) . Also in line with these divergent results in the two FASN KO mouse models, our previous studies showed no effect of brown adipocyte FASN deletion on glucose tolerance, whereas iAdFASNKO mice displayed clear improvement in glucose tolerance 3 The most likely route of such communication between WAT and BAT is through sensory neurons in WAT that direct the CNS to enhance sympathetic activity in BAT. This interpretation is supported by the data in Fig.1 showing sympathetic nerve activity in BAT is increased upon FASN deletion in the iAdFASNKO mice.
Furthermore, the results are consistent with a working model whereby suppression of DNL in white adipocytes initiates regulatory signals that promote not only increased sympathetic innervation density in iWAT and BAT, but also increased activity of the expanded nerve fibers (Fig. 1 ). Other studies have demonstrated increased activity of sympathetic nerves in iWAT and BAT after cold stimulus 34, 35 and upon central nervous system activation such as direct administration of FGF21 peptide in the brain 36 or via local optogenetic activation of sympathetic fibers 37 . The idea that communication occurs between WAT and BAT in both directions has also been previously described. For example, directed activation of iWAT lipolysis was found to activate local iWAT afferents triggering a neural circuit from WAT to BAT that induces BAT thermogenesis 38, 39 . In addition, a number of studies utilizing adipose tissue denervation procedures have demonstrated neuronal communication between different white adipose fat depots 40, 41, 42 . The present study extends these observations by showing that perturbations in adipocyte fatty acid metabolism can also have striking effects on local and distant sympathetic nerve activities, along with browning of iWAT and BAT. These results implicate that lipid intermediates and/or fatty acids from the DNL pathway in WAT control local afferent nerves and therefore a neuronal circuit that regulates iWAT browning and systemic metabolism, as illustrated in Figure 5F . According to this model afferent signals originated in white adipocytes deficient in FASN are conveyed to the CNS to drive sympathetic outflow in adipose tissue promoting browning (Fig. 5F ).
One mechanism whereby adipocyte FASN knockout might enhance the SNS is through promoting heat loss in mice. As fatty acid biosynthesis in iWAT might be necessary for optimal body insulation, it is conceivable that inactivation of FASN in adipocytes could disrupt proper skin insulation, triggering thermoregulatory reflexes 12 . It is also conceivable that cold perception could be heightened in iAdFASNKO mice, thereby necessitating increases in sympathetic innervation, iWAT browning and basal thermogenesis. Accordingly, a similar mechanism has been proposed to explain how the deficiency of the lipogenic enzyme stearoyl-CoA desaturase-1 enhances thermogenesis in mice 43 . However, this does not appear to be the case in the present iAdFASNKO mouse model since increased TH-positive neurons in both iWAT and BAT are still observed when these mice are caged at TN ( Fig. 3 and 4 ). However, UCP1 induction in iWAT was not observed in response to adipocyte FASN knockout under TN conditions ( Fig. 3 ).
Thus, our findings suggest that while adipocyte FASN knockout increases SNS innervation and multilocular cells in adipose tissue, the induction of UCP1 and the complete thermogenic program does require mildly cold temperatures such as 22 o C and likely CNS participation. Based on these overall results, we conclude that the effect of adipocyte FASN deletion on local sympathetic nerve density and browning is not due to a compensatory mechanism in order to cope with systemic heat loss.
Our study also revealed unexpected results related to the contribution of DNL to cold-induced thermogenesis in BAT and the ability of mice to maintain euthermia in the cold. It has long been known that cold exposure in mice greatly increases the expression of DNL enzymes and activity in BAT 31, 44 , and more recently studies showed the DNL pathway positively correlates with thermogenesis in BAT 28, 32 . Moreover, it has been proposed that fatty acids are required to drive thermogenesis by directly activating UCP1 45 and by providing fuel for high rates of oxidative metabolism 13 . Altogether, these observations support the concept that increasing DNL in BAT would likely be essential for survival at very low temperatures, as it would contribute to the fatty acid supply for oxidation during thermogenesis. However, to our knowledge, the requirement of DNL for thermogenesis in BAT and maintenance of euthermia during cold exposure has not been formally tested. Surprisingly, we did not detect significant differences in expression of UCP1 protein or other thermogenic genes in BAT or in body temperature of UCP1-Cre-FASNKO mice devoid of brown adipocyte FASN when compared to control mice (Fig. 2) . These results indicate that DNL in BAT is dispensable for cold-induced thermogenesis and maintenance of euthermia in cold exposed mice.
In summary, we show here that suppression of FASN in white adipocytes of iAdFASNKO mice at room temperature elicits a remarkable neuromodulation of 
METHODS.
Animal studies. Mice were housed on a 12 h light/dark schedule and had free access to water and food, except when indicated. Mice with conditional FASN flox/flox alleles were generated as previously described 18 RNA isolation and RT-qPCR. Total RNA was isolated from mouse tissue using QIAzol Lysis Reagent Protocol (QIAGEN) following the manufacturer's instructions. cDNA was synthesized from 1 Lysis Reagent ProtocoiScript cDNA Synthesis Kit (BioRad). Quantitative RT-PCR was performed using iQ SybrGreen supermix on a BioRad CFX97 RT-PCR system and analyzed as previously described 46, 47 . 36B4, Hprt and Gapdh served as controls for normalization.
Primer sequences used for qRT-PCR analyses were listed in Supplementary   Table 1 . 
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